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Abstract
New decision support tools for Portuguese viticulture are urging under a climate change context. In the present study, heat and
chilling accumulation conditions of a collection of 44 grapevine cultivars currently grown in Portugal are assessed at very high
spatial resolution (~ 1 km) and for 1981–2015. Two bioclimatic indices that incorporate non-linear plant-temperature relation-
ships are selected for this purpose: growing degree hours—GDH (February–October) and chilling portions—CP (October–
February). The current thermal growing conditions of each variety are examined and three clusters of grapevine cultivars are
identified based on their GDHmedians, thus assembling varieties with close heat accumulation requirements and providing more
physiologically consistent information when compared to previous studies, as non-linear plant-temperature relationships are
herein taken into account. These new clusters are also a complement to previous bioclimatic zoning. Ensemble mean projections
under two anthropogenic-driven scenarios (RCP4.5 and RCP8.5, 2041–2070), from four EURO-CORDEX simulations, reveal a
widespread increase of GDH and decrease of CP, but with spatial heterogeneities. The spatial variability of these indices
throughout Portugal is projected to decrease (strongest increases of GDH in the coolest regions of the northeast) and to increase
(strongest decreases of CP in the warmest regions of the south and west), respectively. The typical heat accumulation conditions
of each cluster are projected to gradually shift north-eastwards and to higher-elevation areas, whereas insufficient chilling may
represent a new challenge in warmer future climates. An unprecedented level of detail for a large collection of grapevine varieties
in Portugal is provided, thus promoting a better planning of climate change adaptation measures.
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1 Introduction

Viticulture is broadly dependent on environmental forcing
factors. In effect, grapevine (Vitis vinifera L.) growth and de-
velopment are governed by a multifaceted and interactive sys-
tem, commonly known as terroir (van Leeuwen et al. 2004;

van Leeuwen and Seguin 2006), which encompasses climate,
soils, variety-clone-rootstock combinations, vineyard biodi-
versity and a wide range of management and cultural prac-
tices. All these elements have important implications on
grapevine physiological and phenological development, grape
berry constituents, yields and ultimately in wine types (Keller
2010). Furthermore, each variety-clone-rootstock combina-
tion responds differently to these elements, e.g. due to their
unique physiological traits and phenotypic plasticity.

Climate is a main forcing element (Jones and Davis 2000;
van Leeuwen et al. 2004; van Leeuwen et al. 2013). Air tem-
perature largely controls grapevine phenology (Fraga et al.
2016a, b; Koufos et al. 2014; Olsson and Jonsson 2015;
Orlandi et al. 2015; Ramos et al. 2015), also influencing yields
and quality attributes (Bock et al. 2013; Costantini et al. 2016;
Makra et al. 2009; Mira de Orduña 2010). Precipitation deter-
mines soil water balance, which affects root water uptake and
vine water status (Lebon et al. 2003; Permanhani et al. 2016).
Other atmospheric variables (e.g. sunlight, wind speed and air

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00704-018-2443-3) contains supplementary
material, which is available to authorized users.

* João A. Santos
jsantos@utad.pt

1 Centre for the Research and Technology of Agro-Environmental and
Biological Sciences, CITAB, Universidade de Trás-os-Montes e Alto
Douro, UTAD, 5000-801 Vila Real, Portugal

2 Departamento de Física, Escola de Ciências e Tecnologia, Quinta de
Prados, 5000-801 Vila Real, Portugal

Theoretical and Applied Climatology
https://doi.org/10.1007/s00704-018-2443-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s00704-018-2443-3&domain=pdf
http://orcid.org/0000-0002-8135-5078
https://doi.org/10.1007/s00704-018-2443-3
mailto:jsantos@utad.pt


humidity or water vapour pressure) also significantly influ-
ence this crop. Additionally, extreme weather events, such as
late spring frosts, hail or heat waves, may also have consider-
able impacts on grapevines (Agosta and Canziani 2012;
Chuine et al. 2004; Molitor et al. 2014; Mosedale et al.
2015). Hence, suitable weather and climate conditions are
essential to produce well-balanced wines (e.g. sugar and acid-
ity contents), as oenological practices are considerably bound
to the quality potential of grape berries. Furthermore, climate
change leads to modifications in vineyard microclimates and
in regional/local suitability to a specific variety (Atkinson
et al. 2013; Lee and Sumner 2016). Grapevine varieties tend
to be cultivated in the most suitable areas under current con-
ditions (San-Miguel-Ayanz et al. 2016), as their economic
viability is greatly dependent on their adaptability to regional
edapho-climatic features. As such, they are vulnerable be-
cause these conditions can be altered in future climates.
Therefore, assessing regional climatic suitability for a given
grapevine variety, in present and future climates, is critical for
a strategic planning of the winemaking sector (Costantini et al.
1996; Jones 2007).

Grapevine thermal requirements are central in viticultural
zoning and comprise two important components: wintertime
chilling (dormancy phase) and subsequent heat requirements
(growing cycle). Compared to other deciduous fruit crops (e.g.
apple or cherry trees), grapevines are not high chill-
demanding (Dokoozlian 1999; Fila et al. 2012; Ikinci et al.
2014). Nonetheless, a minimum chilling accumulation is still
required to break dormancy and trigger a regular budburst
phase. However, chilling requirements are generally achieved
in present climatic conditions in Portugal and have not played
a relevant role in the selection and spatial distribution of
grapevine cultivars throughout the country. However, this
might not be the case under warmer future climates, particu-
larly over the warmest areas of southern Portugal. On the other
hand, heat requirements are known to play a key role in grape-
vine varietal geographic distribution (San-Miguel-Ayanz et al.
2016; van Leeuwen and Seguin 2006). Furthermore, many
studies have shown the relevance of the thermal forcing in
grapevine growth, development and yields (Fraga and
Santos 2017; Parker et al. 2013), but broad differences among
grapevine cultivars have also been highlighted (Fila et al.
2014; Fraga et al. 2016b; Kose 2014; Koufos et al. (2014);
Orlandi et al. 2015; Real et al. 2015), thus underlining the
importance of varietal analyses for more accurate assessments.

Thermal growing conditions can be evaluated by several
bioclimatic indices, ranging from classical indices, such as
growing degree days (GDD) (McMaster and Wilhelm 1997;
Winkler 1974) or chilling hours (CH) (Dokoozlian 1999), to
more advanced indices, such as growing degree hours (GDH)
(Gu 2016) and chilling portions (CP) (Luedeling 2012). CH or
CP measure chill conditions during the wintertime dormancy
period, while GDD or GDH evaluate heat conditions during

the growing season. Although CH or GDD are traditionally
used by viticulturists and wine producers worldwide, their
conversion to CP or GDH renders difficult, as they are not
linearly dependent.

Regarding the Portuguese vitivinicultural sector, its rele-
vance can be attested by several indicators (OIV 2016): 9th
largest vineyard area in the world (217,000 ha), 11th wine
producer (~ 6.0 × 106 hl) and 9th wine exporter, in both vol-
ume (2.8 × 106 hl) and value (720 × 106 €), which corresponds
to a share of ~ 1.6% in national exports. A singular feature of
Portuguese viticulture is that more than 250 native grapevine
varieties are currently cultivated (IVV 2015). Red varieties are
predominant in the south, while the white prevail in the north-
west. Some of the most important varieties are Tempranillo/
Tinta-Roriz/Aragonez (red—9% of the total vineyard area),
Touriga-Franca (red—8%) and Fernão-Pires (white—6%)
(IVV 2015).

Portuguese winemaking regions present very diverse cli-
matic characteristics, though Mediterranean-type conditions
largely prevail (Kottek et al. 2006), i.e. warm-dry summers
and wet autumn-winter periods. As Portuguese topography is
diverse, strong spatial gradients in climatic conditions are ob-
served. Thermicity classes vary from upper/lower
thermomediterranean (350 ≤ Thermicity Index <500), in the
south, to lower supramediterranean (145 ≤ Thermicity Index
< 210), in northern high-elevation areas (Costa et al. 2017).
Aridity classes range from humid (1.0 ≤Aridity Index < 1.5),
in the northwest, to dry sub-humid (0.50 ≤Aridity Index <
0.65), in the south (Costa et al. 2017). Warm-dry summers,
with low water availability, critically limit rainfed grapevine
growth (Costa et al. 2016; Lopes et al. 2011). Extremeweather
events (e.g. late frosts, hail and heat waves) may also threaten
vineyards. GDH and CP were recently calculated over
Portugal, under present and future climates, and related to
the spatial distribution of several economically relevant fruit
species, including grapevines (Santos et al. 2017).
Nevertheless, owing to the vast number of grapevine varieties
cultivated in Portugal and to their different thermal require-
ments, a wide range of grapevine growing thermal conditions
was found, highlighting the need for a more detailed variety-
depend analysis.

In the present study, heat and chill accumulation conditions
of main grapevine cultivars in Portugal are assessed, in both
present and future climates. The objectives of the present
study are threefold: (1) to characterise current variety-
dependent grapevine growing conditions throughout
Portugal, in terms of both GDH (heat accumulation) and CP
(chilling accumulation); (2) to identify clusters of grapevine
cultivars as a function of their current heat accumulation con-
ditions (GDH); and (3) to assess shifts in heat and chilling
accumulation conditions under different climate change sce-
narios, as decision support tools for the Portuguese
winemaking sector.
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2 Data and methods

2.1 Climate data under current and future conditions

2.1.1 Historical data

Gridded daily maximum and minimum 2 m air temperatures
from the E-OBS dataset (Haylock et al. 2008), version 15.0,
were used as input for the index calculations. This observa-
tional data is one of the most consistent and uninterrupted
temperature datasets over Portugal, already applied in several
previous studies over Portugal (Andrade et al. 2014; Costa
et al. 2012), though some important inhomogeneities were
found in these datasets (Hofstra et al. 2009). Data were re-
trieved for the period of 1981–2015 (35 years) within a sector
covering mainland Portugal. Indices were computed on the
original 0.25° latitude × 0.25° longitude grid (~ 25 km spac-
ing). For the subsequent statistical downscaling of the indices
to a 1-km grid resolution, multivariate (least-squares) linear
regression analyses were applied, using latitude, distance to
coastline and elevation as exploratory variables. E-OBS ele-
vations were used for estimating the regression models and
were afterwards applied to the 1-km grid GTOPO30 digital
elevation dataset (https://lta.cr.usgs.gov/GTOPO30). Further
details about the downscaling methodology can also be
found in Santos et al. (2017).

2.1.2 Future scenarios

For future projections, simulations generated by four Earth
System Model-Regional Climate Model (ESM-RCM) chains
were retrieved from the EURO-CORDEX project (http://
www.euro-cordex.net/, Table 1). These simulations were
forced by the representative concentration pathways 4.5 and
8.5 (RCP4.5 and RCP8.5) over the period of 2005–2100
(Kotlarski et al. 2014). In RCP4.5, CO2 emissions increase
until the mid-twenty-first century and decrease afterwards,
whereas in RCP8.5, emissions steadily increase throughout
the twenty-first century (IPCC 2013). More details on these
model experiments can be found in Jacob et al. (2014).

In the present study, for climate change assessments, an
intermediate future period (2041–2070) is compared to a base-
line period (1981–2005). For all models, the simulated daily
maximum and minimum temperatures were bias-corrected

using, as recommended, the observation-based E-OBS dataset
as a reference (Kotlarski et al. 2014). For this purpose, model
data, defined on a 0.125° latitude × 0.125° longitude grid,
were bilinearly interpolated to the coarser E-OBS grid (0.25°
latitude × 0.25° longitude) before bias corrections, also in ac-
cordance to previous studies (Kotlarski et al. 2014). In order to
take into account seasonal variations in model skills, simulat-
ed minus E-OBS monthly means over the common period of
1981–2005 were used to compute grid point biases on a
monthly timescale. For each model, under the assumption that
biases are time invariant, the same grid point bias corrections
were applied to both baseline and future periods. All indices
frommodel simulations were computed on bias-corrected dai-
ly maximum and minimum temperatures for each period,
model and future scenario, separately. Ensemble means were
eventually produced to identify the climate change signal of
each index.

2.2 Definition of bioclimatic indices

In order to quantify the climate change impacts on the thermal
conditions in Portugal, two bioclimatic indices were selected:
GDH and CP. GDH measures thermal accumulation on an
hourly timescale, using two cosine functions between a base
temperature (4 °C) and an upper limit temperature (36 °C),
with an intermediate optimum at 26 °C. The corresponding
mathematical expressions can be found in Anderson et al.
(1986). Limited growth under excessively high temperatures
is thereby taken into account, which is a critical property either
for regions with hot summers or for climate change assess-
ments. Although these thermal thresholds for GDH computa-
tions were originally developed for temperate climate fruit
trees (Luedeling et al. 2013), such as cherry, apple or walnut
trees, several previous studies have suggested similar values
for grapevines (differences within the range of ± 1 °C), namely
for both the intermediate optimum and upper limit tempera-
tures (Brisson et al. 2008) and for the base temperature of
several Portuguese grapevine cultivars (Lopes et al. 2008).
The 10 °C base temperature was conventionally used in a
number of thermal accumulation indices applied to grapevines
(e.g. Winkler and Williams 1939), but its suitability has been
questioned by a number of different studies (Duchene et al.
2010; Moncur et al. 1989; Oliveira 1998). GDH is calculated
from 1 February to 31 October.

Table 1 List of the ensemble
members used in the present
study (ESM-RCM chains), along
with the acronyms used herein
and the developer institutions

ESM-RCM Acronym Institutions

CNRM-CERFACS/SMHI-RCA4 CNRM Centre National de Recherches Météorologiques

IPSL-CM5A-MR/SMHI-RCA4 IPSL Institut Pierre Simon Laplace

MOHC-HadGEM2/SMHI-RCA4 MOHC Met Office Hadley Centre

MPI-M-MPI/SMHI-RCA4 MPI Max Planck Institute
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In current climatic conditions in Portugal, grapevine
budburst typically occurs from the beginning to the end of
March, though it may occur already in the end of February
in the warmest areas of southern Portugal. Under future warm-
er climates, an anticipation of phenological timings is also
expected throughout Portugal and budburst are indeed
projected to frequently occur in February (Fraga et al.
2016a). Although several previous studies considered the heat
accumulation period for grapevines starting in March (e.g.
Parker et al. 2011), the aforementioned future conditions in
Portugal justify the anticipation of this period from March to
February.

The CP dynamical model has also been shown to outper-
form CH, mostly in warm climates (Elloumi et al. 2013) and
for climate change assessments (Luedeling et al. 2009). CP
calculation is also undertaken on an hourly timescale and
takes into account the offsetting effects of warm periods dur-
ing the chill accumulation phase. Amore complete description
of the mathematical formulation of CP can be found in
Luedeling et al. 2009. CP is considered over the period from
1 October to 28/29 February. Although chilling requirements
tend to end in January, they can extend to February under
temperate warm conditions, as in Portugal, and are then
followed by a heat accumulation period (Guo et al. 2015;
Luedeling et al. 2013). The different indices were determined
using the R-package ‘chillR’ (Luedeling et al. 2013), follow-
ing a similar methodology as in Santos et al. (2017).

2.3 Grapevine clustering

For the vineyard spatial distribution in Portugal, the fifth level
of the COS2007 was used. This dataset provides detailed land
use and land cover information over Portugal (Source:
Direção-Geral do Território, http://www.dgterritorio.pt/). In
addition, a digital atlas of 44 grapevine varieties currently
grown in Portugal (Table 2 and Fig. S1) was used following
a previous study (Fraga et al. 2016b). Their spatial distribu-
tions were overlapped on the GDH and CPmaps to extract the
corresponding thermal conditions for each variety.

A Ward’s linkage hierarchical clustering (Wilks 2011),
based on squared Euclidean distances between the GDH me-
dians for each of the 44 varieties, was applied to identify
clusters of grapevine varieties concerning their current thermal
growing conditions in Portugal (1981–2015). As chill accu-
mulation is not, in present conditions, a growth limiting factor
in Portugal, CP is not considered in the varietal clustering,
though it may become an important constraint in warmer fu-
ture climates.

Maps of the Euclidean distances from all grid point GDH
values to the centroid of each cluster (averaged GDH over all
cluster elements), for both current and future climates, under
RCP4.5 and RCP8.5, were also produced so as to identify the
spatial distributions of the clusters over the country and their

changes for different scenarios. This very simple measure can
be interpreted as follows: the lower the distances to a given
cluster, the closer the local conditions are to that cluster aver-
age (typical) conditions. Distances are normalised to unit max-
imum, so that a local value of 1 corresponds to the maximum
distance to the centroid in the target domain, while 0 corre-
sponds to a perfect match with the corresponding cluster cen-
troid. Each grid point can then be keyed to the thermally
closest cluster, i.e. with the minimum Euclidean distance.
For this spatial analysis, grid points with minimum distance
greater than 0.5 are considered ‘unclassified’, as no cluster
effectively represents local thermal conditions.

3 Results

Vineyards are spread over most of Portugal (Fig. 1a), though
particularly high densities can be found in the Douro Wine
Region and in the Lisboa Wine Region. On the other hand,
mainland Portugal is characterised by a very complex topog-
raphy in its northern half, with several mountain ranges, deep
valleys and steep slopes, contrasting with southern Portugal,
where flat terrain largely prevails (Fig. 1b). As a result, north-
ern Portugal has strong spatial climate variability, while rela-
tively homogeneous climatic conditions are found in the south
(Costa et al. 2017). Portuguese vineyards are thereby growing
under a wide range of thermal conditions (heat and chill ac-
cumulation), as will be shown below.

3.1 Present-day spatial distribution of indices
and thermal varietal ranking

The patterns of GDH (Fig. 2a) and CP (Fig. 3a) for current
climate conditions over Portugal reveal important spatial var-
iability, with a clear signature of both elevation and the me-
ridional (north-south) thermal gradient. In fact, highly con-
trasting conditions between the inner high-elevation areas of
northern/central Portugal and the low-elevation areas in the
south are particularly noteworthy (Fig. 1b). The analysis of
the growing thermal conditions of the 44 grapevine varieties is
expected to bring new insights when compared to previous
analyses, e.g. based on GDD (Fraga et al. 2016b). For this
purpose, values of GDH and CP for each grapevine variety
were extracted for their current locations and their correspond-
ing medians were calculated. Medians instead of means allow
a more robust identification of the representative thermal
growing conditions of a given variety, e.g. by having lower
sensitivity to outliers.

The varieties are then ranked as a function of their respective
GDH medians (Fig. 4). For current conditions, in terms of heat
requirements, grapevine varieties are found between ~ 67,000
and ~ 83,000 GDH medians. Varieties such as Bastardo,
Viosinho, Gouveio, Malvasia-Preta and Marufo are manifestly
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growing in areas with lower values of GDH (lower heat accu-
mulation). Conversely, Tinta-Miúda, Castelão, Moscatel-
Graúdo andAntão-Vaz are preferably located in areas with high
values of GDH (higher heat accumulation). Although heat

accumulation (GDH) conditions have controlled the selection
and spatial distribution of grapevine cultivars in Portugal, chill-
ing accumulation (CP) conditions have not played an important
role in this process and are not thereby used for varietal ranking.

Table 2 List of grape varieties
used in this study, their synonyms
and respective cluster numbers,
for current (1981–2015) and
future scenarios (RCP4.5 and
RCP8.5, 2041–2070). Shading:
1—white, 2—light grey and 3—
dark grey

Grape varieties Synonyms Current RCP4.5 RCP8.5

Alfrocheiro 3 3 3

Alicante-Branco 3 3 3

Alvarinho 3 3 3

Antão-Vaz 3 3 3

Aragonez Tinta-Roriz/Tempranillo 3 3 3

Arinto Pedernã 3 3 3

Avesso 2 3 3

Azal 2 3 3

Baga 3 3 3

Bastardo 1 2 2

Bical 2 3 3

Borraçal 2 3 3

Castelão Periquita; João-de-Santarém 3 3 3

Diagalves 2 3 3

Encruzado 2 3 3

Espadeiro 2 3 3

Fernão-Pires Maria-Gomes 3 3 3

Gouveio 1 2 2

Jaen 2 3 3

Loureiro 2 3 3

Malvasia-Fina Boal 1 2 2

Malvasia-Preta 1 2 2

Malvasia-Rei 2 2 3

Marufo 1 2 2

Moreto 3 3 3

Moscatel-Galego-Branco 1 2 2

Moscatel-Graúdo Moscatel-de-Setúbal 3 3 3

Rabigato 1 2 2

Rabo-de-Ovelha 3 3 3

Rufete 1 2 2

Sercial Esgana-Cão 2 3 3

Síria Roupeiro 2 2 3

Tália 3 3 3

Tinta-Barroca 1 2 2

Tinta-Carvalha 1 2 2

Tinta-Miúda 3 3 3

Tinto-Cão 2 2 3

Touriga-Franca 1 2 2

Touriga-Nacional 3 3 3

Trajadura 2 3 3

Trincadeira Tinta-Amarela 3 3 3

Vinhão Souzão 2 3 3

Viosinho 1 2 2

Vital 3 3 3
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In order to systematise the results, the 44 selected grapevine
varieties were grouped according to their GDH medians by
performing aWard’s hierarchical cluster analysis. The resulting
dendrogram clearly aggregates grapevine varieties into three

clusters (Fig. S2), which are also outlined in Fig. 4. Cluster 1
(C1) comprises 12 varieties (Bastardo, Viosinho, Gouveio,
Malvasia-Preta, Marufo, Rabigato, Moscatel-Galego-Branco,
Tinta-Barroca, Touriga-Franca, Tinta-Carvalha, Malvasia-Fina

Fig. 1 aMap ofmainland Portugal with grapevine land cover (grey shaded areas) and of the DemarcatedWine Regions. bHypsometricmap ofmainland
Portugal (elevation in meters), showing main rivers

Fig. 2 a Growing degree hours (GDH) for present conditions and b for the future period (2041–2070) under RCP8.5. c Corresponding climate change
signal, i.e. ensemble mean deviations from future (2041–2070) to recent past (1981–2005) periods
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and Rufete), cluster 2 (C2) 15 varieties (Jean, Malvasia-Rei,
Bical, Tinto-Cão, Encruzado, Avesso, Azal, Sercial, Síria,
Vinhão, Diagalves, Espadeiro, Trajadura, Borraçal, Loureiro),
and cluster 3 (C3) 17 varieties (Alvarinho, Tália, Alfrocheiro,
Arinto, Baga, Touriga-Nacional, Rabo-de-Ovelha, Moreto,
Aragonez, Vital, Fernão-Pires, Alicante-Branco, Trincadeira,
Antão-Vaz, Moscatel-Graúdo, Castelão and Tinta-Miúda).
The centroids of each cluster (averages over all cluster

elements) are of approximately 68,000 GDH, 74,000 GDH,
and 80,000 GDH for C1, C2, and C3, respectively (Fig. 4).

3.2 Climate change impacts

The climate change projections for GDH under RCP8.5 hint at
an overall warming trend (Fig. 2b, c), with the previous range
of 40,000–85,000 GDH changing to 60,000–95,000 GDH,

Fig. 3 aChilling portions (CP) for present conditions and b for the future period (2041–2070) under RCP8.5. cCorresponding climate change signal, i.e.
ensemble mean deviations from future (2041–2070) to recent past (1981–2005) periods

10
3 
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H

Fig. 4 Medians of the growing
degree hours (in 103 GDH) for the
outlined 44 grapevine varieties
over the period of 1981–2015 (cf.
Fig. 1 for their corresponding
geographical locations). White
(red) varieties are plotted as white
(black) circles. The varietal
clusters C1, C2 and C3 are also
shown. Solid black lines
correspond to the cluster limits;
while dashed grey lines
correspond to the centroid values
of each cluster
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apart from a few exceptions in high-elevation areas.
Nevertheless, there are remarkable spatial heterogeneities in
the warming trend, with much stronger values over northern
Portugal and even slightly negative changes in the inner-
south, which is a remarkable outcome. In fact, the changes
in the temperature distributions in future climates are expected
to have a more effective effect on plants in northern than in
southern Portugal, as temperature distributions will be closer
to optimum in the north and clearly beyond optimum in the
south (excessively warm conditions). As a result, the contrasts
between GDH over northern and southern Portugal will be
progressively lowered in future warmer climates (i.e. the low-
er GDH in the cooler areas of the north will gradually con-
verge to the higher GDH in the warmer areas of the south).
With respect to CP (Fig. 3b, c), the warming is also general-
ised throughout the country, though much stronger reductions
are projected over its southern half and along its western coast
(decreases of more than 20 CP). Therefore, in opposition to
GDH, the spatial variability of CP is projected to strengthen
under future warmer climates.

In order to facilitate the assessment of the climate change
impacts on the varietal clusters, the Euclidean distances from
each local GDH value, at each grid point over Portugal, to the
cluster centroids (Fig. 4) were determined for current condi-
tions (Fig. S3a, S4a and S5a), as well as for RCP4.5 (Fig. S3b,
S4b and S5b) and RCP8.5 (Fig. S3c, S4c and S5c). Each grid
point was subsequently keyed to a given cluster following the
minimum distance criterion. For the current conditions, C1 is
mostly located in the north-eastern half of the country, but at
intermediate elevations; high-elevation areas present much

higher distances and are thus ‘unclassified’ (Fig. 5a). As men-
tioned in Sect. 2, these unclassified areas correspond to grid
points with minimum distance greater than 0.5 to the cluster
centroids, i.e. no cluster effectively represents local thermal
conditions. As expected, C2, which corresponds to intermedi-
ate thermal conditions, depicts a southeast-northwest belt,
from the inner-south to the northwest (Fig. 5a). Regarding
C3, associated with the current warmest conditions over
Portugal, it is found mostly in the southern half and central-
western coast of the country (Fig. 5a). For both future scenar-
ios, there is a clear drift of C1, C2 and C3 towards the north-
east and to higher, intermediate or low-elevation areas, respec-
tively (Fig. 5b, c), mainly under the severest scenario RCP8.5.
Therefore, while most of the northern half of Portugal will
shift thermal conditions from C1 to C2 or from C2 to C3,
southern Portugal will be progressively far from the typical
thermal conditions of the three current clusters. New thermal
conditions will indeed emerge in the south, as unclassified
areas notably arise (Fig. 5b, c), particularly under RCP8.5.
These new unclassified areas correspond to very high values
of GDH that are out of the typical range of values found in
current climatic conditions over Portugal.

The distributions of the current vineyard cover area in
mainland Portugal (%) by the different clusters (Table 3), un-
der present and future scenarios (RCP4.5 and RCP8.5), also
reveal significant results (only vineyard areas are considered
instead of bulk areas). Although C1 and C3 have similar cov-
erages in present conditions (39 and 38%, respectively), they
significantly diverge in future scenarios (C1—9% and C3—
60% for RCP8.5). C2 coverage undergoes much weaker

Fig. 5 Maps of mainland Portugal showing the spatial distribution of the three clusters (C1, C2 and C3) for a current (1981–2015) and future (2041–
2070) conditions under b RCP4.5 and c RCP8.5. Unclassified areas are shown in grey shading (0-label)
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changes, with a slight decrease in RCP4.5 and an increase in
RCP8.5. Unclassified areas evolve from nearly 0 to almost 5%
in RCP8.5, corroborating that new climatic conditions are also
projected to emerge in Portuguese vineyards. Lastly, the cur-
rent and future projected thermal clusters for each variety are
shown in Table 2, where shifts in clusters are frequent (note
the different shadings). For the 44 varieties, there are 24 class
shifts (55%) under RCP4.5 and 27 shifts (61%) under
RCP8.5. Of these shifts, 12 are from C1 to C2, while those
remaining are from C2 to C3 (12 under RCP4.5 and 15 under
RCP8.5). It is still worth noting that C1 is totally absent under
both future scenarios, while C2 only occurs for 15 or 12 vari-
eties under RCP4.5 and RCP8.5, respectively, thus highlight-
ing the large prevalence of the C3 conditions.

4 Discussion and conclusions

The present study provides novel insights into the thermal
growing conditions of a collection of 44 grapevine cultivars
in Portugal, namely in terms of heat and chilling accumula-
tion. The full analysis is carried out at a very high spatial
resolution (~ 1 km) throughout mainland Portugal and over
the period of 1981–2015 (35 years). To accomplish this aim,
advanced bioclimatic indices and approaches, which integrate
non-linear plant-temperature interactions, are taken into ac-
count: growing degree hours (GDH) and chilling portions
(CP).

The digital maps of GDH and CP are an important com-
plement to previous very-high-resolution bioclimatic zoning
in Portugal applied to viticulture (Fraga et al. 2014). The use
of high-resolution data (1 km or less) has proven to be an
important advance for regional/local-scale assessments
(Anderson et al. 2012). Furthermore, the 44 grapevine varie-
ties are aggregated into three clusters, based on their current
heat accumulation conditions (GDH): cluster 1 comprises the
varieties currently growing in the coolest conditions, cluster 2
in intermediate conditions and cluster 3 in the warmest condi-
tions over Portugal. These novel clusters help in identifying
varieties with similar thermal requirements and provide much
more detailed and physiologically consistent information
when compared to previous studies for Portugal, e.g. solely

based on GDD (Fraga et al. 2016b) or not considering a
variety-dependent analysis (Santos et al. 2017). Although
there is a reasonable agreement in the ranking of varieties as
a function of either GDH or GDD (Fraga et al. 2016b), there
are some discrepancies with the previous study.

Despite the clear isolation of clusters and of their corre-
sponding thermal niches, it cannot be strictly stated that grape-
vine varieties in C1 prefer colder climates, while those in C3
are more adapted to warmer climates, since many of them are
widespread over the country and/or are traditionally grown in
specific regions. Nevertheless, it is also important to bear in
mind that many of these varieties are either native or have
been empirically selected in each region, over several decades
or even centuries. Therefore, they already tend to be grown in
the most favourable edapho-climatic conditions to be econom-
ically viable and sustainable. Future field and laboratorial re-
search should be envisioned so as to better understand the
responses of different Portuguese grapevine varieties to differ-
ent thermal conditions. The coherency between the present
study clusters and these plant responses should be validated.

Future modifications of the thermal conditions under two
anthropogenic-driven scenarios (RCP4.5 and RCP8.5) notice-
ably reflect an overall warming trend, i.e. a broad increase of
GDH and a decrease of CP all over Portugal. These outcomes
are in general agreement with previous studies for temperature
projections in Portugal (Andrade et al. 2014; Costa et al.
2017). A decrease in the spatial variability of GDH (strong
increases in the coolest regions and slight decreases in the
warmest regions) and an increase in the spatial variability of
CP (stronger decreases in the warmest regions) are also
projected. In the future scenarios, the archetypal conditions
linked to the three thermal clusters will undergo a general shift
from the south to the northeast and higher-elevation areas.
This variety-dependent information reveals the changes that
are expected to occur for each variety under climate change,
but considering their current geographical distributions and
not taking into account any possible adaptation measures,
such as a re-location of the varieties. Adaptation measures
are not evidently taken into account in this approach but
may indeed significantly mitigate climate change impacts
(van Leeuwen et al. 2013).

Chilling requirements are widely fulfilled in current cli-
matic conditions in Portugal and it is thereby not a major
limitation of present-day Portuguese viticulture. As such, the
long-term empirical selection of grapevine varieties was not
likely based on chilling requirements but mostly on heat
requirements. For this reason, CP was not herein considered
in the varietal clustering. Nonetheless, chilling requirements
might not be totally achieved in warmer future climates,
particularly in southern Portugal, thus bringing new chal-
lenges to Portuguese viticulture. Although answers to this
emerging problem can only be properly addressed with spe-
cifically devoted field studies (e.g. using controlled

Table 3 Distribution of the vineyard cover area in mainland Portugal
(%) by the different clusters, for current (1981–2015) and future scenarios
(RCP4.5 and RCP8.5, 2041–2070)

1981–2015 RCP4.5 RCP8.5

Unclassified (0) 0.2 1.9 4.8

Cluster 1 (C1) 38.9 21.1 9.2

Cluster 2 (C2) 22.7 20.9 26.0

Cluster 3 (C3) 38.2 56.1 60.0

New insights into thermal growing conditions of Portuguese grapevine varieties under changing climates



environments in greenhouses), the present study provides,
for the first time, information on future chilling conditions
for Portuguese grapevines. Therefore, the present study re-
sults are not an ending point but rather a starting point. They
provide an overview of likely climate change impacts that
may be regarded as an additional decision support tool for
the Portuguese winemaking sector, namely for planning sub-
sequent research and suitable and timely climate change ad-
aptation strategies.

The successful adaptation of a given wine region to chang-
ing climates may be largely controlled by the resilience of
locally relevant grapevine varieties. These changes may sig-
nificantly alter grapevine physiological processes, which may
lead to an anticipation of the phenological timings (budburst,
flowering, veraison and ripeness), heat, water and nitrogen
stresses, implications on yields and modifications in berry
composition, among others (Fraga et al. 2016a). Although
these impacts can be either detrimental or beneficial, depend-
ing on the specific varietal thermal requirements, they may
potentially interfere with the typicity of the wines produced
in a given wine region, which represents an important chal-
lenge to the winemaking sector. These changes can also bring
alterations on the patterns of pests and diseases, as pathogenic
agents will be exposed to new environmental conditions that
may favour or not their proliferation (Metzger and Rounsevell
2011).

Overall, climate change threats will require effective mea-
sures that can be adopted at different timescales (within a
few years to several decades). Nonetheless, the choice of the
most suitable measures is site-dependent, as they are largely
determined by the signal and strength of the local projected
changes. Effective changes in the vineyard microclimates
can be achieved, e.g. through an adaptation of agricultural
practices and canopy management (e.g. irrigation, sun
screens, cover crops, phytosanitary treatments and shading
systems) (van Leeuwen and Darriet 2016). However, these
measures may, in some cases, be insufficient to adapt to the
magnitude of the changes in local climatic conditions, thus
requiring more profound and longer-term measures.
Changes in vineyard design (e.g. changes in training and
trellis systems, plant density), vineyard re-location (e.g.
changes in solar exposure, aspect, slope and elevation)
and/or selection of new variety-clone-rootstock systems are
among these long-term measures (van Leeuwen and Darriet
2016). Site-specific combinations of these measures may
indeed be quite effective in adapting to climate change
(van Leeuwen et al. 2013). However, all of these measures
have economic and environmental costs that will eventually
determine the socioeconomic viability and future sustainabil-
ity of a given vineyard. Further research should be under-
taken in order to better quantify the economic and environ-
mental costs of all these measures, allowing an accurate
testing of different scenarios at the vineyard scale.
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